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Summary We previously reported that low-frequency electric cortical stimula-
tion (LFECS) directly applied to the epileptic focus by means of subdural electro-
des decreased the number of interictal epileptiform discharges in patients with
intractable partial epilepsy. In the present study, LFECS was applied to the
epileptic foci directly in four patients with medically intractable partial epilepsy
through subdural electrodes and evaluated its effect on the number of interictal
epileptiform discharges as well as simple partial seizures. We used alternating
electric current of 0.3 ms duration presented at 0.9 Hz frequency for 250 s. LFECS
did not induce seizures in any of the four patients. In one patient, the number of
interictal epileptiform discharge decreased significantly by LFECS, which is in
conformity with our previous report. In addition, LFECS applied to the
seizure onset zone decreased the frequency of simple partial seizures in
one patient. These results suggest that LFECS has an inhibitory effect not
only on the interictal but also the ictal activities in patients with intractable* Corresponding author. Tel.: +81 75 751 3601; fax: +81 75 751 3202.
E-mail address: akio@kuhp.kyoto-u.ac.jp (A. Ikeda).
1059-1311/$ — see front matter # 2006 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
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LFECS more in details.
# 2006 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.Introduction
Low-frequency repetitive transcranial magnetic sti-
mulation (rTMS) was reported to have inhibitory
effects on the epileptic activity both in epileptic
patients1—3 and rats.4 In addition, low-frequency
electric stimulation (LFECS) was also shown to have
an inhibitory effect on the epileptic foci in kindling
rats.5 We recently reported that LFECS directly
applied to the epileptic focus by means of subdural
electrodes decreased the number of interictal epi-
leptiform discharges in patients with medically
intractable partial seizure.6,7 However, underlying
mechanisms and optimal stimulus condition to inhi-
bit human epileptic foci still remain to be solved. In
this report, we studied the effect of LFECS not only
on interictal but also ictal activity in patients with
intractable partial epilepsy.Figure 1 Head MRI (T2WI) shows cortical atrophy in the
right occipital region.Patients and methods
Four patients participated in this study after giving
informed consent in accordance with the Clinical
Research Protocol No. 235 approved by the Commit-
tee of Medical Ethics, Graduate School of Medicine,
Kyoto University.
Patient 1 was a 17-year-old right-handedman. He
began to have nocturnal generalized convulsions at
the age of 8 years and medically intractable com-
plex partial seizures since the age of 15 years. Head
MRI demonstrated cortical atrophy in the right occi-
pital area extending to the parietal portion (Fig. 1).
The patient underwent a scalp EEG/video monitor-
ing which documented habitual seizures initiated at
T6, but was not contributory to the precise localiza-
tion of the resective focus. Subdural electrode grids
were placed on the right temporal, parietal and
occipital lobes to delineate the seizure onset zone
and functional cortical areas before surgical resec-
tion (Fig. 2a). Patient 2 was a 52-year-old right-
handed man who has had medically intractable
seizures since the age of 20 years (Table 1).
The details of the clinical information were
already published for the entirely different pur-
pose.10 Briefly mentioned, the seizure always con-
sisted of numbness on the upper left back which
extended down to the left hip and then to the left
leg. Head MRI and CTshowed a round calcified lesion
in the depth of the right sylvian fissure (Fig. 3). The
patient underwent scalp video/EEG monitoring for13 days which was not conclusive to delineate the
epileptic foci. However, infrequent interictal spikes
at T6 and O2 and the calcified lesion in the right
sylvian fissure was strongly suggestive of epileptic
foci in the right peri-sylvian region. Then he under-
went implantation of subdural electrode grids on
the right temporal and parietal region for preopera-
tive evaluation (Fig. 4a). Patient 3 was a 26-year-old
man with cerebral palsy due to perinatal asphyxia.
He has had medically intractable complex partial
seizures arising from the left frontal lobe since the
age of 10 years. Patient 4 was a 54-year-old man
with simple partial seizures associated with right
frontal lobe tumor. Other neurophysiological find-
ings of Patient 1—3 were reported elsewhere for
entirely different purposes 8—10.
For electric stimulation to suppress epileptic
activity, we employed 0.3 ms square pulses of alter-
nating polarity presented through a pair of closely
placed subdural electrodes at 0.9 Hz. Its intensity
varied between 0.5 and 15 mA. Each stimulus ses-
sion lasted 250 s and the details of the procedures
were described previously.6 The epileptic foci were
determined by the results of simultaneous monitor-
ing of video and electrocorticogram (ECoG) during
patients’ habitual clinical seizures.
In Patient 1, interictal epileptiform discharges
were frequently observed in the area defined as the
522 J. Yamamoto et al.ictal onset zone by subdural recording (B5 and B15).
Thus we stimulated this area bipolarly via these two
electrodes (Fig. 2a). Three stimulus sessions were
done with 15 min of interval between consecutive
sessions. The intensity was set at 7.5 mA for session
1 and 15 mA for sessions 2 and 3. The number of
interictal epileptiform discharges was recorded dur-
ing three periods, each for 15 min, from immedi-
ately after each session. Baseline data were
collected before stimulation session during five per-
iods, each for 15 min while the patient was sitting
comfortably on a bed. Four of them were recorded 2
days before the stimulation (Fig. 2c) and one was
obtained immediately before the stimulation
(Fig. 2d).Figure 2 Electrode placement (a), sample of interictal epile
discharges over timewith (c) andwithout stimulation (d) and st
stimulation (e). (a) Six subdural electrode grids and strips (A—F
of the electrodes B3-5, B8-10, B13-15 and B18-20, or in various
between electrodes B5 and B15. (b) Interictal spikes were see
Changes of interictal epileptiform discharges at the electrod
sessions of electric stimulation at 0.9 Hz (closed triangle), wi
decreased after the first and furthermore after the second stim
the third session, but did not return to the pre-stimulus level. (
control study. (e) The number of the interictal spikes was decr
( p = 0.0042; Mann—Whitney U-test).In both the stimulus and pre-stimulus sessions,
each 15 min period was finally separated into three
blocks of 5 min each and then the number of spikes
in each block was counted independently by two
investigators (K.T. and T.S.), who were not informed
of the recording condition.
The averaged number of spikes per 5 min was
used for the final analysis. Interictal epileptiform
discharge was defined as a transient sharp activity
of 20—200 ms duration followed by a slow wave,
being clearly outstanding from the background
activities. Statistical analyses of interictal spike
frequency were made by comparing between nine
blocks, each 5 min of stimulation session and base-
line data (15 blocks, each 5 min) by using theptiform discharges (b), changes of interictal epileptiform
atistic analysis of the number of spike before and after the
) were implanted. Ictal EEG patterns started at either one
combinations of them (filled circle). Cortex was stimulated
n most frequently at B3-5, B8-10, B13-15 and B18-20. (c)
es B5 and B15 following three intermittent, consecutive
th the interval of 15 min. The number of interictal spikes
ulus sessions ( p < 0.0042). Spikes tended to increase after
d) The number of interictal spikes changed randomly in the
eased significantly in LFECS as compared with control data
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Figure 2. (Continued ).
Table 1 Summary of scalp video/EEG monitoring and neuroimaging findings in Patients 1 and 2
Scalp video/EEG monitoring CT/MRI
Patient 1 Habitual seizures started at T6 Cortical atrophy in the right occipital region
Patient 2 Interictal spikes at T6 Calcified mass in the right sylvian fissure
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Figure 3 MRI (T2WI) shows a round calcified lesion in the
depth of the right sylvian fissure.Mann—Whitney U-test. p < 0.05 were considered
significant.
In Patient 2, habitual simple partial seizures
occurred frequently during 2 weeks of invasive
monitoring. At the ictal EEG onset, low-voltage fast
frequency pattern was seen only at electrode 14,
which was located on the right parietal lobe
(Fig. 4b). We stimulated this area bipolarly via
electrodes 13 and 14 on 2 different days when the
patient was having frequent simple partial seizures.
Five stimulus sessions were given each day. We
employed different stimulus intensities on those 2
days (0.5 and 15 mA). On each day, the number of
seizures was counted during nine periods each for
5 min; three successive periods immediately before
the first stimulus session, four successive periods
between stimulus sessions and two successive per-
iods after the fifth session.
We also investigated the effect of stimulation on
the interictal epileptiform discharges in Patients 3
and 4. However, it was incompletely done due to
physical condition in Patient 3 and due to infrequent
occurrenceof interictal spikes inPatient4. InPatients
3 and 4, LFECS with intensity of 0.5 mA was applied,
but it did not elicit any seizures in either of them.Results
In Patient 1, the number of interictal spikes at the
electrodes B5 and B15 decreased after the firststimulus session and further after the second ses-
sion. However, it increased slightly after the third
session, although it did not return to the pre-stimu-
lus level (Fig. 2c). In the baseline data obtained 2
days before the stimulation while the patient was
awake, the number of interictal epileptiform dis-
charges changed randomly at those electrodes
(Fig. 2d). The number of spikes at B15 was reduced
significantly by low-frequency stimulation as com-
pared with baseline data ( p = 0.0042; Mann—Whit-
ney U-test) (Fig. 2e), while the change of the spikes
at B5 was not statistically significant. The stimula-
tion did not elicit any seizures in this patient.
In Patient 2, the habitual seizures decreased with
stimulation at intensity of 15 mA (Fig. 4d), but not at
0.5 mA (Fig. 4c). This patient developed two simple
partial seizures during the second stimulus session
with the intensity of 0.5 mA. Those occurred 50 and
56 s after starting the stimulation and both lasted
for a few sec. The EEG pattern of the two seizures
was similar to that of the habitual seizure of this
patient. Interictal epileptiform discharges in
Patient 2 were not investigated, since very frequent
simple partial seizures could modify the occurrence
of interictal epileptiform discharges.
In Patients 3 and 4, LFECS with intensity of 0.5 mA
was applied in 1 and 3 sessions, respectively and
since it was incompletely done as described in the
methods, the data for spike frequency changes were
not available. However, it was done in both patients
without inducing any seizures.Discussion
We recently reported that LFECS applied to the
epileptic focus decreased the number of interictal
epileptiform discharges in patients with intractable
partial epilepsy.6,7 In the present study, we further
showed that the stimulation suppressed not only
interictal but also ictal activities. In Patient 2, LFECS
with the intensity of 15 mA suppressed the habitual
seizures, while that with 0.5 mA did not (Fig. 4c and
d). Thus, high stimulus intensity was needed to
suppress the seizures in this particular case.
In the present study, the maximum intensity of
15 mAwas employed for Patients 1 and 2 and 0.5 mA
for Patients 3 and 4, but in none of them, the
stimulation elicited seizures. In fact, in Patient 2,
two seizures were observed during the second sti-
mulus session with the intensity of 0.5 mA. However,
we judged that the seizures were not induced by
LFECS itself, because they occurred about 50 s after
starting LFECS and the EEG pattern was similar to
the patient’s habitual seizure. Furthermore, LFECS
with the intensity of 15 mA, which is more expected
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elicit any seizures in this patient. This observation
also supports our conclusion that those two seizures
which occurred during the stimulus session in
Patient 2 were the habitual ones and not induced
by LFECS. However, we cannot exclude the possibi-
lity entirely that LFECS induced the patient’s habi-
tual simple partial seizure.
In our previous study,6 LFECS with the intensity of
2 mA elicited habitual auras, whereas the stimula-
tion with 0.5 mA elicited an inhibitory effect on the
epileptic foci. LFECS with higher stimulus intensity
appears to have some excitatory effect on epilepticFigure 4 Electrode placement (a), ictal EEG pattern (b) an
stimulation sessions with the interval of 5 min, (c) and ones dur
implanted. The cortex was stimulated between electrodes 1
manifesting the habitual simple partial seizure clinically. (c
throughout the analysis period. (d) The number of seizures dec
15 mA.foci in some patients6 while even with lower stimu-
lus intensity LFECS might induce seizure as seen in
Patient 2. In addition, the optimal stimulus intensity
for exerting inhibitory effects seems to vary among
patients. Currently, high frequency electric cortical
stimulation which was directly applied to epileptic
foci was also proven to have a suppressive effect on
epileptogenicity in human.11 We need further study
to clarify the difference of low and high output as
well as low and high frequency stimulations.
Low-frequency rTMS has been shown to suppress
the epileptic activity in humans.1—3 Its mechanism,
however, still remains to be studied. The presentd changes in the number of seizures following repeated
ing control state (d). (a) Two subdural electrode grids were
3 and 14. (b) Ictal EEG pattern started at electrode 14,
) Seizures occurred frequently with intensity of 0.5 mA
reased following the repeated stimulation with intensity of
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Figure 4. (Continued ).results suggest that epileptic activity could be sup-
pressed at least transiently and immediately after
applying LFECS. It is also in conformity with the
recent animal study where development of kindled
seizures was significantly suppressed by LFECS.12
Early induction of the inhibitory effects in the pre-
sent study might be due to the fact that our stimula-
tion was delivered directly through subdural
electrodes, that can stimulate the foci more pre-
cisely than rTMS.
In Patient 1, the number of interictal epileptiform
discharges decreased significantly by LFECS (Fig. 2e),
but the spikes seems to have increased after the third
session (Fig. 2c). The similar tendency, a transient
decrease of spikes, was also observed in our previous
study.6 Low-frequency rTMS at 1 Hz applied to the
human motor and visual cortices for 15 min was
shown to produce inhibitory effects and the effect
lasted at least 15 and 10 min, respectively.13,14 Each
stimulus session in the present study, which lasted250 s, might have been too short to produce a suffi-
cient inhibitory effect. It is especially important to
note that our results were obtained from the patients
with medically intractable partial seizures, whereas
the rTMS studies as described above were done in
normal subjects. In the clinical situation, chronic,
intractable epileptogenicity has to be taken into
account when evaluating the response to LFECS.
Event though the findings of the present study
and our previous report6,7 are suggestive of an
inhibitory effect of LFECS on epileptic foci, we need
to further evaluate the effect of LFECS in more
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